Abstract-In
I. INTRODUCTION
In this paper we discuss the use of the Mechatronics Control Kit from Mechatronic Systems, Inc. for control education and research. The Mechatronics Control Kit can be configured for several distinct plants and control experiments, from simple DC-motor control for beginning students, to mid-level experiments using the Inertia Wheel Pendulum for more advanced students, up to advanced research projects using the Pendubot. The Mechatronics Control Kit is shown in Figure 1 with the Inertia Wheel Pendulum attached and in Figure 2 with a Pendubot attached. The base unit of the Mechatronics Control Kit, hereafter called the Kit, is lightweight This work was partially supported by the National Science Foundation Grant ECS-9812591 and by the Office of International Programs and Studies at the University of Illinois at Urbana-Champaign.
'Also called a Reaction Wheel Pendulum. For space reasons we will discuss only the control of the Inertia Wheel Pendulum. The Pendubot has been more extensively used and documented in the literature so it will not be discussed further.
The Inertia Wheel Pendulum consists of a simple pendulum with a rotating disk at the end.
A diagram of the system is shown in Figure 4 .
The disk is actuated by a DC-electric motor and the angular acceleration between the disk and pendulum serves as the control input to move the system. The system thus has two degrees of freedom and one control input. Optical encoders measure both the pendulum and disk angles. Introduce the following variables where U is the control signal, in our case the input to the PWM amplifier in the range f 1 0 and IC is a proportionality constant scaling the input to the duty cycle range (0 -500) of the PWM amplifier. This system thus has the simplest dynamic description among the various pendulum systems and can be introduced to students at virtually all stages of their education.
By measuring the dimensions of the components, weighing them and computing moments of inertial using simplified forumlas we find. 
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A . Friction Compensation
Once controllers for the rotor velocity are designed it is easy to determine the friction characteristics of the motor. To do this we simply use the velocity controllers to run the rotor at constant speed. The control signal required to to this is then equal to the friction torque. 
F = {
Having obtained a reasonable friction model we can now attempt to compensate for the friction. This is done simply by measuring the velocity and adding a term given by the friction model (3) to the control signal. We can also implement an adaptive friction compensation scheme as the friction parameters will change with temperature of the motor and other factors. 
B. Energy Control
We give here an example of passivity-based or energy-based control of the Inertia Wheel system, which can be used in for the problem of swingup control. In conjunction with hybrid/switching control the energy based control can be combined with a balance control to swing the pendulum up to the inverted position and catch it there.
We see from the equations of motion (1)-(2) that the Inertia Wheel Pendulum can be thought of as a parallel interconnection of a simple pendulum subsystem and a disk subsystem (double integrator), both with input U. We can therefore write this system as shown in Figure 6 , where the U Y Fig. 6 . Inertia Wheel System as a Parallel Interconnection output functions y1 and y2 have not yet been specified. One attractive approach to controller design, especially for the problem of swingup control, is to determine these outputs so that the respective blocks are passive. Since parallel combinations of passive systems are themselves passive, we would then have a passive system from U to y. For the double integrator subsystem we can choose as output y1 = ke, and storage function SI = BJ,@. We note that the disk subsystem cannot be passive from input U to output 8 , since the double integrator system has relative degree two.
In order to define y2 so that the pendulum subsystem is passive we consider the energy for the pendulum
A simple calculation shows that
and, hence, the pendulum subsystem is passive from -ku to 6 with the energy E as storage function. However, instead of taking the energy E as the storage function, it turns out to be more useful to take as storage function 1 where E,,. represents a (constant) reference energy. Then
where we have defined the output function y2 = -ke(E -E,,.). It follows that the parallel interconnection is passive with output This equation says, in effect, that the closed loop system trajectories will converge to either E = E,,. or sin8 = 0. In the first case E = E,,. it follows, in addition, that 8, = 0. In the second case, it follows that 0 = nn and @T = constant. We can use the previous analysis to design a controller to swing up the pendulum to the inverted configuration and simultaneously drive the disk velocity to zero by setting E,,f equal to the rest energy of the system in the inverted configuration. From the expression for the energy, we see that this corresponds to ET,f = 2mgL
With this value for ET,f the response of the system is shown below. The gains, k,, k, and k, were chosen as k, = le5 k, = 12 ki = 0.01. 
